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Influx of *C-labelled amino acids across the epidermis has heen observed in
a number of soft-bodied marine invertebrates (see Stephens, 1972, for a review).
Such influx in molluscs has been reported by several workers (recent examples
mclude Anderson and Bedford, 1973 ; Bamford and Campbell, 1976 Bamford and
McCrea, 1975 ; Péquignat, 1973 ; Stewart and Bamford, 1975 ; Wright, Johnson and
Crowe, 1975). Some of these studies employed intact organisms, while others
reported influx of amino acids into isolated gills or gill discs. In no case was
net flux examined. The only report of net influx of amimo acids in a mollusc
is that of Stephens and Schinske (19601). They emploved high external concen-
trations for most of their work (2 my) but observed net influx in the clam,
Spisula, from ammbient glveine concentrations of 20 pai.  However, they did not
attempt to follow net influx closely and describe its kinetics, nor did they compare
net flux with influx.

Sinultaneous measurement of influx and net flux in lamellibranchs is of consider-
able mterest for at least three reasons. Iirst, 1t 1s net flux which 1s of interest in
assessing the potential nutritional significance of trans-epidermal amino acid uptake
for the organism. Several of the workers cited draw tentative conclusions based
on the more or less clearly stated assumption that mflux (their observed phe-
nomenon ) can be equated (sometimes with stated reservations) with net flux. This
assumption may be approximately correct for sediment-dwelling forms. Stephens
(1975) reports net influx of amimo acids at ambient levels well below those found
in the sediment environmment. However, ambient concentrations of amino acids
normally present in the water column are substantially lower.  Ilence influx
cannot be assumed to reflect net flux at naturally occurring ambient concentrations
for ciliary-mucoid filter feeders such as lamellibranchs.

The sccond reason for interest in net flux relates to studies of the mechanism
of influx. Intracellular free amino acid pools are very large in marine mvertebrates
(tyvpically of the order of 2-5x 10* ar). In typical studies of influx, labelled
amino acids are supplied at low ambient concentrations. Under such circumstances,
if the labelled substrate were entering the organism by a process such as exchange
diffusion. rapid influx of labelled material would be observed, even though accom-
panied by no flux or even by net efflux. Indeed, Johannes, Coward and
Webb (1969) have proposed precisely this explanation to account for observations
of influx of labelled amino acids. hased on their studies of influx and net flux
in an ectoparasitic flatworm, Bdelloura. They did not directly examine the pre-
dictable consequences of an exchange diffusion mechanism. Iowever, this can
readily be done if influx and net flux are monitored simultaneously under a
suitable range of conditions.

295



296 S. H. WRIGHT AND G. C. STEPHENS

Thirdly, Stewart and Bamford (1975) and Wright (1976) report evidence
that influx of amino acids in olluses is sodinm-sensitive.  Sodium dependence
has vet to be demonstrated for transepidermal amino acid transport in any marine
invertebrate, including molluses.  One of the kev observations which is con-
sidered to be convincing evidence of sodium-coupled or sodinm-dependent trans-
port of an organic solute is demonstration of sodium-coupled efflux from cell to
medium (Schultz and Curran, 1970). Simultaneous studies of influx and net flux
as a function of external sodinm permit such observations.

Studies of net flux of amino acids have been facilitated by the recent intro-
duction of the reagent, fluorescamine (Udeniriend, Stein, Boéhlen, Dairman,
Leimgruber and Weigle, 1972).  Fluorescamine forms a fluorescent product with
primary amiies in aqueous solution permitting simple and routine determination
of amino acid concentrations as low as 1077 a1, North (1975) and Stephens (1975)
describe procedures for determining primary amines in sea water using this reagent.

In the present report, the initial report of \Wright et al. (1973) on the kinetics
of amino acid influx in isolated gills of M ytilus is extended and refined.  Simultane-
ous measuremnents of influx and net flux in this organism are also reported, and the
implications of such measurements for hypotheses concerning the nutritional sig-
nificance of amino acid mflux and the mechanism of this influx are described.

MATERIALS AND METITODS

Specimens of Mytilus californianis were collected from the open coast of
southern California near TLaguna Beach. Animals were kept at 13° C in aquaria
in acrated sea water.  Preliminary studies showed no difference in experimental
results between freshly collected mussels and those maintained in aquaria for eight
weeks.  Animals were usnally used within four weeks of collection.

All experiments were conducted in artificial sea water (ASW, MBL.) prepared
with reagent grade salts and distilled water according to Cavanaugh (1956). When
sodium-free incubation media were used, choline chloride or TLiCl were substituted
for NaCl, and KHCO; for NalICO;.  These solutions were isosmotic to ASWV,
MBI, (salinity = 31%), and they had a pH of 7.8-8.0.

Mussels were opened by cutting the posterior adductor muscle.  The four
demibranchs were removed, placed on a sheet of aluminum foil and discs of gill
tissue cut with a 1.0 e stainless steel cork borer. These discs of gill tissue had a
mean wet weight of 32.2 = 0.7 (s.c.) mg, and a mean dry weight of 5.0 = 0.1 mg.
Gill discs were held in MBIL at 16° (, for thirty minutes prior to observations.
Discs from at least three different mussels were used in all influx experiments.
The procedure for determination of influx rates was as follows. Nine dises of
gill tissne were introduced into 200 ml of aerated MBL containing cycloleucine
(1-aminocyclopentane-1-carboxylic acid) or glyeine.  Solutions contained approxi-
mately 0.05 pCi/ml of (U-"*C)cycloleucine (\ew England Nuclear) or (U-*C)
glveine (Sdn\ artz-Mann) and sufficient »*C substrate to give final concentrations
ranging from 2 pat to 5 . Three discs of tissue were removed from the solution
at 3. 6 and 9 minutes. rinsed rapidly (5-10 seconds) in two successive 0° C MBL
rinses, and blotted gently on filter paper.  Tndividual discs were placed in scintil-
lation vials containing 1 ml of 0.1 ~ HNOj;. After extraction for at least twelve
lours, a toluene-based scintillation cocktail was added and the extracted discs were
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Ficure 1. Labelling and washout of gill discs with "C-inulin. Tabelling is expressed as
inulin space in units of percentage of tissue wet weight. Each point represents radioactivity
associated with a single gill disc after rinsing and blotting. Lines are least squares regressions.

counted using a Beckman CPM-100 scintillation counter. Tnitial and final samples
of the medium were taken and counted for each experiment. The volume of the
medium was sufficient so that no significant decrease in radioactivity was observed.

Extracellular space was determined using (U-*C)inulin. A solution containing
trace amounts of labelled inulin in MBI was prepared. After exposure to this
solution for various times, sets of tissue discs were rinsed, blotted and extracted as
described above. To determine the time course of washout of inulin, tissue discs
were incubated in the labelled inulin solution for ten minutes, transferred to a
large volume of MBIL. and removed at intervals. Radioactivity was determined as
described.

Simultaneous measurements of influx and net flux of glycine in intact mussels
were performed as follows. Mussels were cleaned with a wire hrush and kept at
16° C in MBL containing streptomycin (200 mg/liter), chloramphenicol (100 mg/
liter) and penicillin (500,000 1.U./liter) to reduce microbial activity. After 24
hours, animals were rinsed in MBL and placed individually in 500 ml of MBL
containing 0.05 uCi/inl C-glycine plus unlabelled substrate. Samples of the
medium were taken at intervals after introducing the animal. One set of samples
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was counted for radioactivity. Another set was used for determination of primary
amines as follows. A 0.5 ml sample was buffered to pH 9.2 using 0.5 ml of
0.2 a1 borate buffer and mixed vigorously with 0.5 ml of acetone containing fluores-
camine (200 mg/liter).  After addition of 2.0 ml of distilled water, fluorescence
at 480 mm with excitation at 390 nm was 1easured using a Turner fluorometer
(filters were used to approximate excitation and emission frequencies). A set of
glycine standards was measured with each set of experimental determinations.  Pri-
mary amine concentrations are expressed in glveine-equivalent concentration units.

ResvLrs
Inulin space

When gill discs are exposed to **C-mulin, labelling is complete at the end of
one minute and remains constant thereafter at approximately 3077 of the wet
weight of the tissue. This inulin space is interpreted to include rapidly labelled
extracellular space together with the portion of the medium adhering to the gill
discs after rinsing and blotting.  When discs labelled with "*C-inulin are placed in
a large volume of MDBL, radioactivity disappears exponentially with a half time of
approximately seven minutes ( Fig. 1). The exponential character of the washout
is consistent with the hypothesis that adherent medium and extracellular tissue
space hehave as a single compartment.

The influence of the presence of this rapidly labelled extracellular compartment
on determinations of influx rates of organic substrates is illustrated in Figure 2.
In the upper portion of Figure 2, the results of exposure of gill discs to C-
cvcloleucine at an ambient concentration of 50 par is presented.  Uptake is linear
with time. A least squares regression line through the observed points intercepts
the v-axis close to the point predicted by the inulin space. At this low concentra-
tion, the labelling of the inulin space (i.e., **C-cycloleucine counted as a result of
its presence in the extracellular space) contributes little to the total tissue radio-
activity. It represents about 3% of the total radioactivity associated with the tissue
after a ten-minute exposure to the solution. Washout of radioacivity when the
tissue is placed in MBI is imperceptible.

The lower portion of Iigure 2 presents similar observations, but cyvcloleucine is
supplied at an ambient concentration of 5 ma. Rapid labelling of the inulin space
accounts for a very significant fraction of the total radioactivity associated with the
tissue. Again, uptake is linear and again a regression line intercepts the y-axis
at the point predicted by measurement of the rapidly labelled extracellular compart-
ment. However, although influx is more rapid at the higher ambient concentra-
tion, the carrier mediating influx is fully saturated and the total influx during the
brief observation period is a small fraction of ambient concentration. Therefore,
radioactivity associated with the rapidly labelled compartment accounts for approxi-
mately 6697 of the total radioactivity present in the tissue at the end of ten mimnutes.
The fact that a large fraction of the radioactivity was present in the extracellular
space is also indicated by the exponential washout shown in the lower portion of
Figure 2. 1f the rate of cycloleucine influx were calculated from the total amount of
radioactivity associated with the tissue after a five-minute incubation, the rate would

be overestimated by approximately 3509%.
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TFicure 2. The time course of uptake and washout of C-cycloleucine into gill discs
incubated in two different concentrations of “C-cycloleucine, Each point is the radioactivity
from a single gill disc. The solid lines were fit by the method of least squares; the dashed
lines are the rates of washout predicted by the data in Figure 1. The y-intercepts predicted by
the data in Figure 1 are 198 cpm and 255 cpm for the upper and lower graphs, respectively.

Kinetics of cycloleucine and glycine influy

The effect of increasing concentration of cycloleucine in the medium on influx
of cycloleucine is shown in Figure 3. At low concentrations the influx of
cycloleucine (Ji) increases in a nonlinear fashion with increasing concentration in
the medium (S). At high concentrations, J! increases linearly with S. However,
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Ficure 3. The influx rate of “C-cycloleucine into gill tissue as a function of increasing
concentration of cycloleucine. Open circles are mean values for cycloleucine influx uncorrected
for the presence of inulin space; closed circles are values for influx corrected for inulin space.
Units of influx in the inset are umoles/(g-hr) ; concentration is in mxy. Bars signify =1 s.e.
(n for each point ranges from 12 to 54).

when the data are corrected for *C-cycloleucine present in the rapidly labelled inulin
space, this second linear component virtually disappears. The slope of J' as a
function of S at high concentrations is nearly zero. Cvcloleucine influx
based on corrected data i1s fully described by the Michaelis-Menten equation:
[J'= (Jiax (S)) /(K¢ + (S) )], where Jia, 1s the maximum rate of influx and
K is the ambient concentration at which influx is hali the maximun rate.

The constants Ji,.. and K, for cycloleucine influx were determined graphically
from a plot of (S)/J' against (S).  Jhuax 1s +35 py/(g-hr) and K is 63 pa.
Similar data were obtained for glycine influx.  When corrected for the labelling of
inulin space, the constants for glycine were determined to be Ji. = 4.6 pa/(g-hr)
and Ky = 34 par. Thiere was no residual “‘passive” component perceptible in the
influx data for either cycloleucine or glveine after correcting for inulin space.
Jinax for the two substrates is not significantly different, suggesting that cyclo-
leucine and glycine may enter by the same carrier-mediated pathway. This sug-
gestion is also consistent with the inhibition data presented by Wright ¢f al. (1975).
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IFicure 4. The tissue-to-medium concentration gradient of cycloleucine developed by
isolated gill tissue in MBL (Na-MBIL.) or MBL with choline replacing sodium (Ch-MBL) as
a function of time; at each point, n= 3.

FEffect of external sodium on transport of cycloleucine

Influx of cycloleucine into gill discs was reduced to 10% or 209¢ of control
values when sodium in the medium was replaced by lithivin or choline respectively.
Cycloleucine concentration was 50 par.  This inhibition of influx in the absence of
sodinm is at least partially reversible. When gill discs exposed to sodium-iree
MBL for one hour were washed in regular MBI for fifteen minutes, the rate of
cycloleucine influx returned to 77% of control values.
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Tligure 4 presents data concerning steady state concentrations of cycloleucine
present in gill tissue aiter prolonged exposure to a small volume of MBL containing
30 pn cycloleucine.  Tissue concentration is calculated hased on wet weight ex-
cludmg inulin space. Since cyclolencine is not metabolized and is not normally pres-
ent 1 M ytilus, concentration 1s simply related to radioactivity and specific activity.
In the presence of sodium (425 mEq/liter = MBL) ambient cycloleucine decreases
i our system (10 ml of medium) to approximately 10 par, while tissue concentra-
tion increases over the course of three hours to approximately 20 mar. When sodium
1s replaced in the medium by choline, the medium concentration does not fall per-
ceptibly below 50 par while tissue concentration increases to approximately 1 mar.
Similar observations using glveine as a substrate produce nominal concentration
ratios based on radioactivity of approximately 15,000: 1 in the presence of sodium;
10: 1 in the absence of sodium. However, glycine is normally present in the intra-
cellular free amino acid pool and 1s metabolized by the gill tissue so such figures
cannot be mterpreted simply.

Influx of glycine and net flux of primary amines

The following observations were made on intact mussels.  Glycine was used as
the substrate, both because it is a major constituent in naturally occurring free amino
acids in sea water and Dbecause the specific fluorescence of the product of its
reaction with fluorescamine is suitably high ( North, 1975). Cycloleucine produces
a weakly fluorescent product with fluorescamine so it was not suitable for these
observations.

Figure 5 presents data for influx of "C-glvcine based on disappearance of radio-
activity from the medium together with data for net flux of primary amines
based on the fluorescamine procedure.  Samples of the medium were taken at the
same time for the two procedures and various initial concentrations of glycine
were employed as indicated in the figure. At high ambient concentrations (20—
100 par) influx of “*C-glyceine corresponds closely to net influx of primary amines.
At the other extreme, primary amines appeared in the medium when mussels were
placed in MBI, containing no amino acid and reached a steady state concentiration
of 2—4 par which was stable for at least 24 hours. At ambient concentrations of
HC-glyeme below 20 par, influx of glycine estimated from radioactivity is con-
sistently more rapid than net influx of primary amines estimated from fluorescamine
determinations.  This discrepancy becomes more pronounced as “C-glycine con-
centrations decrease.

This relation is expressed graphically in Figure 6. The ratio **C-glvcine/pri-
mary amine is plotted against glvcine concentration as estimated by radioactivity
of the solution. At high concentrations that ratio approaches unity. At low concen-
trations, the efflux of the unknown primary amines becomes increasingly significant
relative to »'C-glyveine influx and the ratio declines. Data in Figure 6 include
those presented in Figure 5, as well as additional data from similar experiments.
The line in Figure 6 is drawn to fit the equation y = x/{x + 1.06), and represents
the assumption that efflux is constant at all concentrations of glycine in the medium.
The mean difference in concentration between C-glycine and total primary amine
1s 1.00 par in the ten cases observed where *C-glycine concentration was reduced
to less than 10 par.
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FiGure 5. The clearance of C-glycine and total primary amine from MBL by intact
Mytilus as a function of time. The volume of experimental medium in each experiment was
500 ml, and the initial concentrations of glycine were 100 war, 50, 20, and 0. The closed
circles are the concentrations of total primary amine measured as glycine equivalents using
fluorescamine. The open circles are the concentrations of *C-glycine. FEach line represents the
clearance by one mussel.

Influx of glycine and net flux of primary amines: sodium effects

Gill discs liberate primary amines into the medium resulting in a relatively
high background of fluorescamine-positive material. This was a reason for choosing
intact mussels for the preceding observations. However, the replacement of external
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Ficure 6. The ratio of the concentration in the medium of radioactive glycine to total
primary amine measured in duplicate samiples during clearance experiments plotted as a func-
tion of the radioactive glycine concentration. Data were taken from Figure 5 and similar
experiments. The line fits the equation, y =x/(x+ 1.06), aud expresses the assumption
that efflux 1s constant at all concentrations of glycine in the medium.

sodium with other ions interferes with normal pumping activity of the lateral cilia.
Therefore, it was necessary to use isolated discs of gill tissue to examine the
influence of external sodium on the relation between influx and net flux.

Three discs were placed into each of a series of beakers containing 10 ml of
MBI plus 10 par #C-glycine. A parallel set of tissue discs were placed into beakers
containing 10 ml of MBL in which sodium had been replaced by choline, also con-
taining 10 par ¥C-glycine. At prescribed times the tissue in a beaker was removed
and samples of the medinm taken. Figure 7 presents the results of following the level
of radioactivity and the level of primary amines in such an experiment. Radio-
activity in the MBL medium declined to very low levels in the course of the experi-
ment (equivalent to about 0.2 par at 4 hours); primary amines fluctuated
between 8 and 16 par expressed as glycine equivalents with no clear trend with
time.  When sodium was replaced with choline, radioactivity decreased very
slightly over the four-hour period. Primary amines in the medium increased
steadily reaching 37 par as glveine equivalents at the end of four hours.

Discussiox

The data presented here show that the influx of cyclolencine and glyeine is
carrier-mediated.  The in witro gill preparation vields uptake data that are, how-
ever, ecasily misinterpreted as being indicative of a two component transport
process: at low concentrations (< 20 pat), uptake appears to involve a high
affinity saturable svstem, while at high concentrations (> 20 py), either a low
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affinity system or passive diffusion appears to become increasingly important.
However, when the data are corrected for the presence of the inulin space, influx
appears to be by a single component, fully saturable system, which follows
Michaelis-Menten type kinetics.  No evidence was found to support postulation
of a second, low-affinity carrier system. The close agreement of i, for the two
substrates suggests that glvcine and cycloleucine enter wia the same pathway(s).

Passive diffusion can play no significant role in the mmflux of amino acids.
Mytilus and other bivalves maintain high steady-state concentrations of free amino
acids in their tissues. I the gill membrane had permeability properties such that
passive diffusion could occur from external concentrations in the 100 par range
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Freure 7. The change in medium concentration of “C-glycine and total primary amine
resulting from the incubation of isolated gill tissue in either Na-MBIL or Ch-MBL as a
function of time. The data obtained at each time interval represent the measurements of
medium concentration in separate parallel experiments. Duplicate samples were taken for
the determination of radioactivity and total primary amine.
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at rates falsely implied by the uncorrected data, the symmetrical passive efflux of
amino acid from the approximately half molar intracellular free amino acid pool
wonld make the maintenance of such pools energetically impossible.

The kinetic parameters calculated from the data on influx rates for cyclolencine
and glycine are similar to the K¢'s and Via's reported for uptake of several
neutral amino acids by other preparations of isolated bivalve gill (\Wright, et al.,
1975 on Mytilus californianus; Bamford and Campbell, 1976 on A, edulis; Bam-
ford and McCrea, 1975 on Cerastoderma edule; Stewart and Bamford, 1975 on
Mya arenaria; Anderson and Bedford, 1973 on Rangia cuncata). These investiga-
tors reported K's ranging from 12 pd1 to 250 pa1, and V,,.¢'s from approximately
0.5 pai/(g-hr) to 35 par/(g-hr). However, none of the above workers corrected
their data for the possible presence of a rapidly-labelled extracellular compartment
such as the one noted in the present study. The importance of such a correction
for the interpretation of uptake data makes the kinetic parameters of these carrier
studies suspect.  We wish to replace the values reported earlier (Wright, et al.,
1975) with those in the present work.

The data summarized in Iigures 5 and 6 indicate that the disapparance of
adioactivity from the medinm as a result of glyeine influx into A vtilus accurately
represents net influx of glveine into the organisi at concentrations greater than
20 par. This does not exclude the possibility that glycine influx and the net
mflux observed may not be accompanied by efflux of small amounts of unidentified
primary amines. Such an efflux is the simplest explanation of the discrepancy
observed Detween glvcine influx and net mflux at lower ambient concentrations.
If efflux also occurs at higher concentrations, it would be expected to elevate primary
amine determinations by a few parts per hundred at the higher concentrations
emploved in this study ; this is about the range of analvtical error for the procedure.

The close parallel of intlux and net flux at high concentrations excludes simple
exchange diffusion as a mechanism to account for influx of “C-glycine. That hivpoth-
esis predicts a stable ambient concentration of primary amines at the initial
level accompanied by an exponential decrease in radioactivity, which is contrary
to the data presented here.

Primary amines in the medium are reduced by M vtilus to levels ranging from
2-5 par (as glycine equivalents), the concentration range in which steady-state is
achieved. The steady-state seems independent of the initial level of amino acid
supplied. At concentrations greater than 2-5 par, net influx is observed until
steady-state is reached. At concentrations lower than this, steady-state is achieved
by net eftlnx. Tt should be emphasized that the primary amines which appear in
the medium are at present unidentified. IExpression of their concentration as
glycine-cquivalents is arbitrary.  The specific fluorescence of reaction products of
primary anines with fluorescamine varies ; as noted, cycloleucine produces a weakly
fluorescent product : the products formed with polybasic amino acids fluoresce more
strongly than glveine. The compound(s) which appear in the medium are cur-

rentiv being studied.  With respect to the mechanism of efflux, simple exchange
diffasion can be excluded, hut further conclusions cannot be drawn.

Th observations do not permit definite conclusions about the role of trans-
cpideral amino acid uptake in the nutrition of Myfilus. If the animal experiences

am entrations greater than a few micromoles/liter in its environment,
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net influx seems likely. This is much higher than the levels reported for free
amino acids in the water colunn which range from 0.2 to 2 micromolar. Therefore,
mussels presumably encounter sea water passing across their gills which is lower
in amino acid content than the steady-state ambient concentration reported here.
Despite that fact, the possibility of net influx from amino acid concentrations in the
micromolar range cannot be excluded on the basis of the present work. If no
change in the composition of primary amine occurred in our closed system, the
steady-state level observed would be a measure of the capacity of Mytilus to clear
primary amines from micromolar concentrations. However, there is no reason to
suspect that this is the case. In an open system either net influx or efflux could
occur.  The direction of net movement of amino acid depends on the ratio of the
rate of acquisition of primary amine(s) (naturally occurring) to the loss of primary
amines(s) (from the gill) in a single pass of incurrent water across the gills.

Influx of MC-glycine in gill discs of Mytilus is inhibited when external sodium
is replaced by choline or lithium. This agrees with the observation reported by
Stewart and Bamford (1975) of reduced rates of *C-alanine influx into the iso-
lated gills of the soft-shelled ctam, Mya arenaria, in the absence of external sodium.
Sensitivity to external sodium has been reported for many nonelectrolyte transport
systems (reviewed by Schultz and Curran, 1970). The observation of a relation
between external sodium and the rate of influx for an organic solute is an initial
step in establishing the occurrence of sodium-coupled cotransport, and is consistent
with the presence of such a system. However, it must be accompanied by additional
observations bhefore a sodium-coupled cotransport mechanism can be considered to
be established. This has not been done for transepidermal amino acid transport in
any marine invertebrate.

The present report of efflux of primary amines when sodinm is replaced in the
medium ( Fig. 7) is also consistent with the existence of sodium-coupted cotransport
in Mytilus gill.  One of the key predictions made by sodiumn-coupled models of
transport of organic solutes is that the organic solute should be translocated from
the cell in circimstances where internal sodium exceeds external sodinm (Schultz
and Curran, 1970). The primary amines which appear in the medium bathing gill
discs when external sodinm is replaced with choline have not been identified.
Therefore detailed discussion is not justified. However, it can be noted that if
the primary amines are interpreted as free amino acids, the rate of efftux shown
in the data of Figure 7 is approximately 2077 of the Ji,.. for glveine and cycelo-
leucine. This is an unreliable figure for an additional reason: sodium may affect
Juax. and intracellular sodiuni has not been measured. Nevertheless, efflux under
such conditions is consistent with a sodium-coupled transport svstem for amino
acids.

Despite the support offered by the present observations for the existence of a
sodium-coupled cotransport system, these data cast doubt on the ability of such a
system to account fully for amino acid transport in the gill of Mytilus. Tirst, there
is apparent concentrative transport of cvcloleucine in the absence of external sodium
(Fig. 4). This is contrary to the prediction based on a sodium-coupled model.
The data seem unambiguous, since cycloleucine is neither normally present in
Mytilus nor is it metabolized. Tt is possible to frame an explanation based on
hetero-exchange diffusion, with evidence for efflux into sodinm-free medium. If
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this were coupled to an exchange entry of cycloleucine, apparent concentrative trans-
port would be observed. IHowever. evidence indicates exchange diffusion does
not normally occur, and it would not be predicted for a sodium-coupled model in
the absence of external sodium.

The second careat concerning a sodium-coupled mechanism as a complete
explanation for these data is based on thermodynamic considerations.  The basic
feature of mechanisms for transport of organic solutes coupled to sodiun transport
is the stipulation that at least part of the energy necessary for active transport of
the organic solute 1s not supplied by direct metabolic energy coupling but by the
sodimn concentration difference between the external solution and cytoplasm, wia
a coupled transport of sodium and the organic solute. Jacquez and Schafer (1969)
formulated a series of equations to compare energy expenditure available from
the sodinm electrochemical potential gradient. The model for the coupling of
the fluxes of amino acid and sodium most often proposed in conjunction with the
sodium-gradient hypothesis involves the electrogenic 1:1 cotransport of sodium
and amino acid.  The maximum energy available in the sodium gradient in this
caseis: Ex, = RT In[ (Na*),/(Na*);]— I'V, where (Na*), is the extracellular con-
centration of sodium, (Na'); i1s the intracellular concentration of sodium, F is the
Faraday constant (23 cal/mole-mV) and V is the membrane potential in mV
(outside taken as zero potential). The variables are either known or can be
estimated for M. californianus gill tissue.  (Na*), is 425 mEq/liter in MBL
(Cavanaugh, 1956). Potts (1938) reported that the sodium concentration in the
sarcoplasim of several muscle tvpes from 3/, edulis was approximately 80 mlq/liter.
Murakami and Takahashi (1975) found a more or less steady resting potential of
about 60 mV (inside negative) in the lateral cells from isolated gills of M. edulis.
Using these figures, the potential energy available from the electrochemical gradient
of sodium is approximately 2340 cal/mole. The energy required to maintain the
amino acid gradient is: E,, = RT In| (aa);/(aa).|, where (aa); ts the intracellular
concentration of amino acid, and (aa), is the extracellular concentration at steady
state.  Provided that coupling of the flows of sodium and amino acid were 100%
efficient, the potential energy from the sodinm gradient could account for the
maintenance of a chemical gradient of amino acid of approximately 60: 1.

This calculation is bhased on what may be overgenerous assumptions. Geck
and Heinz (19706) argue that although an electrical potential difference is thermo-
dynamically equivalent to a chemical concentration difference, in many cases it
is less effective in supplying energy for sodium-coupled transport of organic solutes.
In any case, the energy supplied by the electrogenic sodium gradient is mnadequate to
account for an observed steady state concentration gradient of cycloleucine of
2000:1 (Iig. 4).

Thus these data hoth provide additional support for the presence of a sodium-
conpled mechanism for transport of amino acids in Mytilus gill and cast doubt
on the adequacy of such a mechanism to provide a full explanation for this trans-
epidermal transport.

he muthors wish to express their sincere thanks to Dr. John Crowe for helpful
discussions and critical review of the manuscript.  This work was supported in
part t nt OCHE 76-12183 from the National Science Foundation.
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SUMMARY

1. Intact mussels and an in wilro preparation of isolated gill tissue were em-
ployed to study characteristics of the influx and net flux of amino acids in
Mytilus californianus.

2. The kinetics of influx of **C-labelled amino acids were complicated by the
presence of a rapidly labelled extracellular compartment.

3. Correction of influx data for the extracellular compartment revealed influx
of "C-cycloleucine and C-glycine to be mediated by a transport mechanism ade-
quately described by Michaelis-Menten kinetics.  Passive diffusion plays no sig-
nificant role in influx.

4. Influx and net flux of glycine into intact 3/ y/ilus were examined. From high
concentrations (> 20 pn) the influx of MC-glycine was equivalent to the net
influx of primary amine as determined by fluorescamine. At low ambient con-
centrations (< 20 par), influx of *C-glyeine occurred more rapidly than net influx
as determined by fluorescamine. The data suggest that influx of labelled substrate
is accompanied Dy efflux of unknown primary amine(s). In the absence of
labelled substrate, eflux continues uutil a steady-state concentration of 2-5 pa in
the medium is achieved.

5. The rate of influx of C-cycloleucine into isolated gill tissue, and the con-
centration gradient which can be developed by gill tissue are reduced when sodium
is replaced in the mediun.

6. The efflux of primary amines from isolated gill tissue is stimulated by the
replacement of sodium in the medium with choline.

7. The data are consistent with a sodium-coupled mechanism for the transport
of amino acid into gill tissue. However, energetic considerations cast doubt on the
adequacy of such a mechanism to account fully for the observed trans-epidermal
transport.
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